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Cathode-supported  solid  oxide  fuel  cells  (SOFCs),  comprising  porous  Pro.35Ndo.35Sr0.3Mn03_5 
(PNSM)/Sm0.2Ceo.80i.95  (SDC)  cathode  supports,  SDC  function  layers,  YSZ  electrolyte  membranes 
and  NiO/SDC  anode  layers,  were  successfully  fabricated  via  suspensions  coating  and  single-step  co-firing 
process.  The  microstructures  of  electrolyte  membranes  were  observed  with  scanning  electron  microscope 
(SEM).  The  assembled  single  cell  was  electrochemically  characterized  with  humidified  hydrogen  as  fuel 
and  ambient  air  as  oxidant.  The  open  circuit  voltage  (OCV)  of  the  cell  was  1.036  V  at  650  °C,  and  the 
peak  power  densities  were  657,  472,  290  and  166mWcnrr2  at  800,  750,  700  and  650  °C,  respectively. 
Impedance  analysis  indicated  that  the  performance  of  cathode-supported  cell  was  determined  essen¬ 
tially  by  electrode  polarization  resistance,  which  suggested  that  optimizing  electrodes  was  especially 
important  for  improving  the  cell  performance. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  energy  conversion  devices,  solid  oxide  fuel  cells  (SOFCs)  have 
attracted  much  attention  because  of  their  higher  electrical  con¬ 
version  efficiency,  environmental  friendliness  and  fuel  flexibility. 
One  goal  of  current  SOFCs  development  is  to  reduce  fabricating 
cost,  which  is  a  key  issue  to  SOFCs  commercialization.  Electrode- 
supported  configuration,  either  anode  or  cathode-supported,  is  one 
approach  for  reducing  cost. 

Presently,  anode-supported  SOFCs  have  been  widely  stud¬ 
ied,  and  Ni/YSZ  cermet  is  the  most  popular  anode  material.  It 
is  thermally  compatible  with  YSZ  electrolyte  even  if  processing 
temperature  exceeds  1400  °C,  which  makes  manufacturing  pro¬ 
cess  flexible  [1].  Comparatively,  there  has  been  little  attention 
paid  to  cathode-supported  SOFCs.  Though  lanthanum  stron¬ 
tium  manganate  (LSM)-supported  SOFCs  have  been  successfully 
demonstrated  by  Siemens  Westinghouse  Power  Generation  with 
tubular  design  [2],  the  fabrication  process  of  thin  YSZ  mem¬ 
brane  on  cathode  supports  usually  needs  expensive  and  mass 
production-limited  vapor  deposition  techniques  (such  as  PVD, 
EVD-CVD)  at  necessarily  low  temperature  to  avoid  the  chemical 
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reactions  between  conventional  LSM  cathode  and  YSZ  electrolyte 

[3] .  Flowever,  cathode-supported  cells  with  thin  anode  layer 
may  show  particular  advantages  when  cells  are  operated  on 
hydrocarbon  fuels  with  low  steam/carbon  ratio.  This  is  because 
most  of  the  part  of  the  anode  layer  is  electro-active,  which 
would  relatively  protect  it  from  depositing  carbon.  In  addition, 
it  reduces  nickel  re-oxidation,  avoiding  the  volume  contraction 
and  expansion  resulted  from  the  accidental  anode  redox  cycles 

[4] . 

It  is  well  known  that  co-firing  process  may  reduce  opera¬ 
tion  processes,  which  can  effectively  reduce  thermal  stress  and 
reduce  manufacturing  costs.  Flence,  developing  co-firing  process 
is  significant  to  make  cathode-supported  SOFCs  cost-effective.  Co¬ 
firing  LSM-supported  YSZ  [5-7],  Lao.eSro^Coo^Feo.sO^s  (LSCF)- 
supported  GDC  [8]  and  Lao.8Sr0.2Fe03_5  (LSF)-supported  SDC  [9] 
have  been  reported  recently.  Flowever,  the  performances  were  too 
low  to  be  accepted  for  practical  application  at  temperatures  below 
800  °C. 

Previous  work  of  our  group  demonstrated  that  Pr  and  Nd  co¬ 
doped  LSM  showed  high  electro-catalysis  when  used  as  cathode 
material  in  SOFCs  [10-12].  High  power  density  of  443mWcnrr2 
was  obtained  at  650  °C  by  using  Pr0.35Nd0.35Sr0.3MnO3_5 
(PNSM)/SDC  cathode  material  [12].  In  the  present  study,  the 
relatively  new  material,  PNSM,  was  used  as  cathode.  Then  the 
PNSM-based  cathode-supported  cell  with  electrolyte  membrane 
and  anode  layer  was  fabricated  through  suspension  coating 
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and  single-step  co-firing  process.  The  cell  performance  of  a  cell 
prepared  as  described  above  was  studied. 

2.  Experimental 

2.1.  Preparation  of  PNSM/SDC  cathode  supports 

Pro.35Ndo.35Sro.3Mn03_<$  (PNSM),  Smo.2Ceo.sO1.95  (SDC)  and 
starch  powders  in  a  weight  ratio  of  6:4:2  were  ball-milled  in  ethanol 
for  24  h  and  subsequently  dried.  Then,  the  mixed  powders  were 
pressed  into  pellets  (20  mm  in  diameter,  0.8  mm  in  thickness)  under 
a  pressure  of  450  MPa,  followed  by  sintering  at  900  °C  for  2  h  to  get 
cathode  supports.  The  PNSM  and  SDC  powders  were  synthesized 
by  an  auto  ignition  process  of  metal  nitrate-citric  acid.  More  details 
about  PNSM  were  described  in  our  previous  study  [10]. 

2.2.  Fabricating  the  bi-layer  ofSDC-YSZ  electrolyte  membrane 
and  NiO/SDC  anode  layer  on  the  cathode  supports 

Thin  electrolyte  membranes,  the  bi-layer  of  SDC-YSZ,  were  pro¬ 
cessed  by  a  refined  particles  suspension  coating  technique.  SDC 
powders,  synthesized  via  carbonate  co-precipitation  process  [13], 
were  employed  to  make  a  suspension.  The  suspension  was  drop- 
coated  on  the  porous  cathode  supports  surface  to  make  SDC  layers. 
The  YSZ  (TZ-8Y,  EE-Tec,  Inc.)  layer  was  coated  subsequently  by  the 
same  process  on  the  SDC  layer  after  it  being  dried  in  air  at  room 
temperature.  To  prepare  anode  layers,  NiO/SDC  powders  prepared 
by  gel-casting  process  [  14],  were  mixed  with  ethyl  cellulose  and  ter- 
pineol  at  a  weight  ratio  of  4: 5.7: 0.3  in  an  agate  mortar  and  ground  to 
form  a  homogeneous  slurry.  The  slurry  was  then  brushed  directly 
on  the  dried  YSZ  layer.  Finally,  the  cathode-supported  green  cell 
was  co-fired  at  1300  °C  for  5  h  to  make  a  single  cell. 

2.3.  Characterization  of  the  cell  performance 

The  single  cell  was  sealed  on  an  alumina  tube,  and  then  tested 
from  800  to  650  °C  in  a  home-developed  cell  testing  system  with 
humidified  hydrogen  (3%  H20)  as  the  fuel  and  ambient  air  as  the 
oxidant.  The  voltages  and  output  currents  of  the  cell  were  measured 
by  digital  multi-meters  (GDM-8145).  The  polarization  resistance  of 
the  cells  was  measured  using  a  two-probe  impedance  spectroscopy 
(Chi604a,  Shanghai,  Chenhua)  under  open  circuit  voltage  (OCV) 
with  an  amplitude  of  10  mV  over  the  frequency  range  from  0.01  Hz 
to  100  kHz.  The  microstructure  and  morphology  of  the  cells  after 
testing  were  observed  using  scanning  electron  microscopy  (SEM, 
model  KYKY  1010). 

3.  Results  and  discussion 

Because  of  their  better  performance,  PNSM/SDC  and  PNSM/YSZ 
composite  cathodes  are  usually  considered.  It  has  been  reported  by 
many  researchers  that  new  phases,  such  as  La2Zr207,  SrZr03  and 
Sr2Zr04)  would  be  formed  at  the  interface  of  strontium-substituted 
lanthanum  manganite-based  perovskite  (LSM)  and  YSZ  when  sin¬ 
tering  temperature  is  above  1000  °C  [15,16],  and  the  formation 
of  such  impurity  phases  would  significantly  decrease  cell  perfor¬ 
mance.  Though  the  PNSM  showed  high  stability  with  YSZ  when 
sintered  at  1150  °C  [10],  the  chemical  stability  of  PNSM/YSZ  at 
higher  sintering  temperature  is  not  investigated.  In  the  present 
work,  the  chemical  compatibility  of  PNSM  with  electrolyte  mate¬ 
rials  was  studied  by  X-ray  diffraction.  Fig.  la  and  b  shows  the  XRD 
patterns  of  the  as-prepared  PNSM/SDC  and  PNSM/YSZ  supports  sin¬ 
tered  at  1300 °C  for  5  h,  respectively.  As  shown  in  Fig.  la,  the  XRD 
pattern  of  the  PNSM/SDC  support  exhibits  two  groups  of  diffrac- 
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Fig.  1.  XRD  patterns  of  a:  PNSM/SDC  and  b:  PNSM/YSZ  pellets  sintered  at  1300  °C 
for  5  h. 

tion  peaks.  One  group  belonged  to  the  PNSM  and  the  other  was 
cubic  fluorite  phase  of  Ce02.  There  was  no  impurity,  indicating  that 
PNSM  was  very  stable  with  SDC.  However,  PNSM/YSZ  showed  high 
sintering  activity,  which  could  be  easily  sintered  to  a  high  density. 
A  glossy  surface  of  the  PNSM/YSZ  pellets  was  observed.  Slight  peak 
shifts  of  perovskite  are  detected  according  to  the  XRD  patterns  in 
Fig.  lb,  though  no  obvious  impurity  phases  appeared.  This  indi¬ 
cated  that  some  reactions  might  have  occurred  between  the  PNSM 
and  YSZ  at  high  temperature. 

Hence,  in  order  to  avoid  reacting  between  PNSM  and  YSZ,  a  SDC 
function  layer  was  introduced  between  porous  cathode  support 
and  YSZ  electrolyte  membrane.  As  reported  by  Ding  [13],  the  nano- 
SDC  powders  prepared  by  a  special  co-precipitation  had  a  superior 
sinter  activity  in  comparison  to  the  cathode  supports,  so  the  SDC 
powders  were  pre-calcined  at  800  °C  for  4h  to  make  it  show  the 
same  shrinkage  as  during  the  co-firing  process.  The  typical  particle 
morphology  was  shown  in  Fig.  2,  and  particles  exhibited  a  nar¬ 
row  size  distribution.  It  was  composed  of  nearly  spherical  particles 
without  any  hard-aggregation.  The  crystallite  size  of  the  powders 
is  about  20-25  nm. 

Fig.  3(a)  shows  the  surface  morphology  of  the  as-prepared  YSZ 
membrane.  The  YSZ  membrane  was  crack-free,  continuous  and 
quite  dense  with  uniform  grains  of  about  0.5-1. 5  pum.  The  result 


Fig.  2.  TEM  micrograph  of  SDC  powders  calcined  at  800  °C  for  4  h. 
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Fig.  3.  (a)  Surface  view  of  the  YSZ  electrolyte  and  (b)  cross-section  view  of  the 
cathode-supported  SOFC. 

demonstrated  that  a  dense  YSZ  electrolyte  membrane  was  success¬ 
fully  fabricated  via  drop-coating  and  co-firing  processes.  Fig.  3(b) 
shows  the  cross-sectional  view  of  the  tested  cell.  Both  SDC  layer 
and  YSZ  layer  were  uniform,  and  they  adhere  well  to  the  porous 
PNSM/SDC  support  and  NiO/SDC  anode  layer,  respectively.  The  SDC 
layer  was  about  11  [xm  in  thickness,  and  the  YSZ  layer  was  about 
4  [Jim. 

Fig.  4  presents  current-voltage  ( l-V )  and  current-power  den¬ 
sity  (J-P)  curves  of  as-fabricated  cell  using  humidified  hydrogen 
and  ambient  air  as  fuel  and  oxidant,  respectively.  The  OCV  values 
of  the  cathode-supported  SOFC  in  humidified  H2  were  0.997, 1.012, 
1.025  and  1.036  V  at  800,  750,  700  and  650  °C,  respectively.  They 
were  a  little  lower  than  the  theoretical  values  predicted  by  the 
Nernst  Equation,  further  indicating  that  the  YSZ  membrane  was 
dense,  as  any  leakage  in  the  electrolyte  membrane  would  lead  to 
severely  lowering  of  the  OCV  values.  The  lower  OCV  values  may 
relate  to  gas  leakage  at  the  seals.  As  seen  from  the  P-I  curves, 
peak  power  densities  are  657, 472, 290  and  166  mW  cm-2  at  corre¬ 
sponding  temperatures.  Though  the  peak  power  densities  are  much 
lower  than  that  of  the  similarly  structured  anode-supported  cell 
with  Ni/YSZ-YSZ-SDC-PNSM/SDC  configuration  [12],  the  results 
achieved  in  this  study  was  higher  than  that  in  other  cathode- 
supported  cells  [5-9].Yamahara  etal.  [6]  and  Chenetal.  [5]  reported 
that  the  power  densities  were  455  and  419mWcm-2  in  humidi¬ 
fied  H2  at  800  °C  for  the  cathode-supported  cells  with  Co-infiltrated 
LSM/YSZ-(Sc203  )0.i  (Y203  )0.oi  (Zr02 )o.89  (SYSZ)-SYSZ/Ni  anode  and 
YSZ/LSM-YSZ-GDC-impregnated  Lao.75Sro.25Cro.5Mno.5O5  (LSCM) 
anode,  respectively. 


Current  density,  mA  cm'2 

Fig.  4.  Dependence  of  the  cell  voltage  and  power  density  on  current  density  with 
humidified  (3%  H20)  hydrogen  as  the  fuel  and  ambient  air  as  the  oxidant. 

To  investigate  the  electrochemical  characteristics  of  the 
cathode-supported  cell,  AC  impedance  spectra  were  also  carried 
out  under  open-current  conditions  at  different  temperatures.  As 
shown  in  Fig.  5,  high-frequency  real-axis  interception  gave  ohmic 
resistance  ( R0 ),  and  the  low-frequency  real-axis  interception  repre¬ 
sented  the  total  resistances  (ftt)  of  the  cell.  The  difference  between 
them  referred  to  the  sum  of  the  electrodes  polarization  resis¬ 
tance  (ftp).  As  we  know,  ft0  is  the  sum  of  the  ohmic  resistances 
from  electrolyte,  electrodes,  contacts  and  connecting  wires.  The 
electrolyte  resistance  (fte)  contributed  the  major  part  as  elec¬ 
trode  materials  usually  are  of  higher  conduction  than  electrolyte. 
As  seen  from  Fig.  5,  the  ft0  values  are  0.158,  0.170,  0.194  and 
0.220  £2  cm2,  respectively  at  800,  750,  700  and  650  °C.  The  high¬ 
cell  performance  suggested  that  the  SDC  function  layer  successfully 
prohibited  forming  high  resistance  phases,  e.g.  SrZr03.  Flowever, 
the  ft0  values  were  slightly  higher  than  the  expected  ohmic  resis¬ 
tances  calculated  for  4  |xm  YSZ  and  11  |xm  SDC  layer  with  reported 
conductivity  values  [13,17].  As  reported  by  Price  et  al.  a  SDC-YSZ 
solid  solution  would  form  at  as  low  as  900  °C  [18],  which  might 
significantly  decrease  ionic  conductivity  of  the  electrolyte  [19]. 
The  electrodes  polarization  resistance,  including  anode  polariza¬ 
tion  (fta)  and  cathode  polarization  resistance  (ftc),  were  0.358, 0.525, 
0.961  and  1.83  £2  cm2,  respectively,  at  800,  750,  700  and  650  °C, 
which  were  greatly  higher  than  the  ohmic  resistance  at  respec- 


Fig.  5.  Impedance  spectra  measured  at  an  open  circuit  condition  for  the  single  cell. 
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tive  operating  temperatures.  The  contribution  of  to  the  total 
cell  resistance,  Rpl(R0+Rp),  increased  as  the  operating  tempera¬ 
ture  decreased,  and  achieved  90%  at  650  °C.  The  results  indicated 
that  the  cell  performance  was  primarily  governed  by  the  polariza¬ 
tion  of  electrodes,  especially  at  lower  temperatures.  In  our  previous 
study,  a  Ni/YSZ  anode-supported  cell  consisting  of  YSZ-SDC  bi-layer 
electrolyte  and  PNSM/SDC  cathode  exhibited  the  Re  of  0.35  £2  cm 2 
and  the  Rp  of  0.49  £2  cm2  at  650 °C  [12].  Although  the  two  cells 
had  similar  constituents  and  the  YSZ  electrolyte  layer  was  even 
thinner  in  this  work,  the  higher  electrodes  polarization  resistance 
(1.83  £2  cm2)  caused  a  lower  cell  performance.  The  difference  in 
electrodes  polarization  resistance  might  result  from  the  different 
sintering  temperature  of  the  cathode.  As  reported  by  Jorgensen  et 
al.  [20],  sintering  temperature  significantly  influenced  the  polariza¬ 
tion  resistance.  In  the  present  work,  the  PNSM/SDC  was  sintered  at 
1300  °C  for  5h  to  obtain  dense  electrolyte  layer,  while  PNSM/SDC 
cathode  in  the  anode-supported  cell  was  only  sintered  at  1000  °C 
for  2h  [12].  The  higher  sintering  temperature  would  make  sup¬ 
ports  denser  and  grains  larger.  This  decreased  the  active  three  phase 
boundaries  (TPB)  between  electrode,  electrolyte  and  gas  phase, 
leading  to  an  increase  in  the  electrodes  polarization  resistance. 
That  would  be  also  responsible  for  the  concentration  polarization 
observed  in  Fig.  4,  where  negative  curvature  is  observed  at  800  °C 
when  the  current  density  is  higher  than  1.5  A  cm-2.  Hence,  in  order 
to  improve  the  cathode-supported  cell  performance  at  interme¬ 
diate  temperatures,  reducing  sintering  temperature  is  an  effective 
way,  which  would  be  studied  in  the  future. 

4.  Conclusions 

PNSM/SDC  cathode-supported  SOFC  with  dense  SDC/YSZ 
electrolyte  membrane  and  porous  NiO/SDC  anode  layer  was  suc¬ 
cessfully  fabricated  through  suspension  coating  and  single-step 
co-firing  processes,  which  are  cost-effective  technologies.  With 
humidified  hydrogen  as  fuel  and  ambient  air  as  oxidant,  the  peak 
power  densities  of  657, 472,  290  and  166mWcnrr2  were  obtained 
at  800,  750,  700  and  650  °C  with  open  circuit  voltages  of  0.997, 
1.012, 1.025  and  1.036  V,  respectively.  The  cost  effective  processes 
and  good  cell  performance  suggested  a  potential  application  of 
cathode-supported  SOFCs  operating  in  intermediate  temperatures. 


The  study  of  AC  impedance  spectroscopy  technique  indicated  that 
the  electrodes  polarization  resistance  dominated  the  total  cell  resis¬ 
tance,  as  well  as  cell  performance. 
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